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WELDING-BASE METAL INVESTIGATION

by

D. L. Cheever, P. A. Kammer, R. E. Monroe, and D. C. Martin

INTRODUCTION

A program was conducted to investigate the effects of factors associated

with aluminum base plate and filler wire on the occurrence of weld defects. The
materials studied were experimental alloys of 2219-T87 and 2014-T6 base plate
and 2319 and 4043 filler wire. In the program, four factors that determine the
weld defect potential of a material were considered: (1) chemical content,

(2) internal impurities, (3) hydrogen content, and (4) external impurities.

Chemical content was used to describe all the intentional alloy addi-
tions, specified as ranges. Internal impurities were those elements limited by
specifications to a maximum level. The hydrogen content was determined by vacuum
fusion analysis. External impurities was controlled by moisture additions to the
weld shielding gas.

Welds were made with the experimental base plate and filler wire using
precisely regulated welding equipment and accurate instrumentation. The welds
were then examined by radiographic and sectioning techniques. The occurrence of
pores, which were the only weld defects observed, was related to variations of
each of the four factors between a high and a low level. Statistical methods
were used in this analysis.

The four factors were generally ranked in order of the strength of the
relationship between the factor level and the weld porosity level. The external
impurities factor was the strongest factor and was followed in strength by the

chemical content, internal impurities, and hydrogen content. The hydrogen content
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of the experimental base plate was significant only at a level above the hydrogen
content of the commercial base plate available and above the majority of the
experimental base plate hydrogen contents. The hydrogen content of the filler
wire was not significant in the majority of the statistical comparisons studied.
An interaction existed between chemical content and internal impurities, which
apparently affected the significance of the relationship of each factor to the
porosity level. Minimum weld defect potential apparently existed when all four
factors were at a low level.

The size and distribution of pores within the welds were related to the
composition of the weld metgl. Segregation layers were observed in the welds in
which pores formed preferentially. The shape of the segregation layer changed for
different material compositions.

The hydrogen content of the experimental base plate was low for low
chemical content and low internal impurities and was high for high chemical
content and high internal impurities. The hydrogen content was independent of
the control methods used during casting except for one severe treatment.

The porosity level of the welds increased with increasing hydrogen

content of the experimental base plate.

PROGRAM PLAN

In the Saturn rocket program, the weld quality must be kept consistently
high. The research described below was initiated and conducted to determine the
contribution of four specifically defined factors associated with aluminum
welding materials. The factors chosen were suspected to be correlated with the

resultant weld quality of gas-tungsten arc (GTA) welds using 2319 filler metal




with 2014-T6 base metal and 4043 filler metal with 2219-T6 base metal. The
factors chosen were labelled (1) chemical content, (2) internal impurity content,
(3) internal hydrogen content, and (4) external impurities. Table 1 shows the

| specified compositions for the materials studied. The factor of chemical content

i was defined as the intentionally added metallic alloying elements for which a

‘ v composition range is specified. The factor of internal impurities was defined
as the residual metallic elements present in the weld for which only a maximum
composition level is specified. Internal impurities never described non-metallic
materials such as dross. The factor of internal hydrogen content was defined as
the internal hydrogen content of the welding material prior to welding and as
measured by vacuum-fusion analysis. The factor of external impurities was defined
as impurities in the welding-arc shielding gas. The impurity addition was made
by adding water to the shielding gas to obtain a preset dewpoint. Two levels of
each factor were studied in the program. The high level of the chemical content
and internal impurities was close to the maximum allowable in Table 1. The low
level of these two factors was close to the minimum allowable (chemical content)

or was present only in trace amounts (internal impurities).
MATERIALS

The materials used in the program were both experimentally prepared
and commercial 1/4- and 3/4-inch-thick 2219-T87 and 2014-T6 base plate. The
filler wire, which was used only in the latter half of the program, was experi-

*
w mentally prepared 1/16-inch-diameter X2319 and X4043 filler wire.

The prefix "X" will precede alloy numbers for the experimentally prepared
materials to distinguish them from the commercial materials used in the
program.
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The program studied each of the four factors (chemical content, internal

impurity cortent, internal ﬁydrogen content, and external impurities) at two
levels, high and low. Eight of the possible sixteen combinations of the four
factors at two levels were selected for study so that statistical analysis of the
results could be performed by a one-half fractional factorial analysis. This
analysis allows strong conclusions to be quantitatively drawn regarding the
effect of the factors on some experimental variable (weld quality in this
program). Eight different "types" of each alloy were prepared. Each "type'" was

cast to produce the desired level for each factor.

MATERIALS PREPARATION

The experimentally prepared materials were melted in a gas-fired
furnace. The base-plate ingots and X2319 filler-wire ingots were cast in a
massive steel book mold which rotated over a 75 degree arc to minimize turbulence.
The X4043 filler-wire ingots were cast in a water-cooled cylindrical mold. All
ingots were radiographed to ascertain their soundness. The sound ingots were
then topped and surface-milled to remove casting defects. Each ingot was of
‘sufficient size to fabricate all the material needed for a single thickness of

a given composition from one ingot.
Base Plate

The base plate was hot-rolled with an average of 12 passes and 4 to 5
reheats. Surface milling at an intermediate stage of rolling removed slight
surface cracks. The X2014 base plate was hot-rolled to finished 1/4- and 3/4-

inch-thick base plate 36 inches long. The X2219 plate was solution annealed,




water-quenched, and cold-rolled to finished 1/4- and 3/4-inch-thick base plate
36 inches long. The X2219 was heat treated to approximate the T87 temper. The
X2014 was heat treated to approximate the T6 temper. All of the fabricated
plates were ultrasonically inspected for defects. No defects were found in the
X2219 plate; the defects found in the X2014 plate were clearly marked so that

weld beads over the defects could be identified.

Filler Wire

The X2319 ingots were cold-rolled to 5/8-inch-diameter rod and then
cold swaged to 3/8 inch diameter. The rod was then surface machined to remove
any surface defects in the wire. The X4043 ingots were extruded directly from
the ingot to 3/8-inch-diameter rod. The rod was drawn to 1/16-inch-diameter
filler wire by a commercial welding-wire fabricator using a series of dies and
annealing times. Eddy-current techniques were used to inspect the wire prior to
level winding on reels. The reels were packed in sealed, evacuated containers
and were stored in a low-humidity area until they were opened and immediately
used. The wire surface was smooth and was shown in welding tests to have no

contamination sufficient to produce observable weld defects.

MATERTALS ANALYSES

The metallic composition of the experimental and commercial welding
materials used during the program was determined by spectrographic and wet
chemistry methods. Some discrepancy was found between the results reported by
two different commercial laboratories even for adjacent specimens from the same

material. Since the material composition had only to be at a high or low level,
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the discrepancy in analyses did not affect the program results. The experimental
materials all had the levels of chemical and internal impurity content specified

by the program plan.

Internal Hydrogen Analyses

The internal hydrogen content was determined by vacuum-fusion analysis
for a 10-gfam base-plate material specimen and a 5-gram sample of filler wire.
A standard surface-preparation method was used for each sample so that the
analysis could be corrected for the external hydrogen on the sample. This allowed
determination of the internal hydrogen content of all but the X2319 and X4043
filler wire. The total hydrogen content only was determined for these alloys.
The total hydrogen content was believed to be about 0.5 parts per million (ppm),
by weight, higher than the internai hydrogen content. Despite the methods used
during casting to control the hydrogen content of the ingot, tﬁe resulting
internal hydrogen content of the fabricated experimental materials did not
correspond to the level specified by the program plan. These results will be

discussed later.
WELDING

All of the welding was performed in the horizontal position using the
GTA d-c straight-polarity process. The welds were all bead-on-plate both with
and without filler-wire addition. The weld bead for each plate was near the center
of a plate with a minimum 4-inch width and a standard 36-inch length. The‘tooling
used provided minimum heat sink. The welding was performed in two phases. In

Phase I, no filler metal was added to welds on experimental X2219 and X2014 base



plate. In Phase II, experimental X2319 filler wire was added forehand to welds
on commercial 2219-T87 base plate. Experimental X4043 filler wire was added to
welds on commercial 2014-T6 base plate. Table 2 lists the welding conditions
established for each phase. The weld penetration for 1/4-inch plate was nearly
complete. Weld penetration on 3/4-inch plate was about 40 percent. Deeper
.penetration was not possible for the bead-on-plate type welds without encounter-
ing severe undercut.

All of the welding parameters were closely regulated and precisely
instrumented to eliminate experimental variations due to welding conditions.
Although the equipment was capable of completely controlling arc voltage to
+0.05 volt and arc current to +0.5% for normal welding conditions, the addition
of large amounts of moisture to the shielding gas made the welding arc less stable.
In helium with a dewpoint of about 5 F, the arc voltage typically varied #0.5
volts and the arc current varied +2%.

The welding was conducted in a controlled-atmosphere chamber which
was evacuated to less than 10 microns of mercury pressure and then backfilled
with commercial helium gas. The moisture was added to helium to produce a high
level of external impurities by evaporating a fixed amount of water in the
helium. A dewpoint meter was used to measure the actual moisture in the
shielding gas.

All base-plate material was degreased and chemically cleaned in a
sodium-hydroxide bath follwed by a nitric-acid bath to remove a dark copper film
on the plates. Short, hot water rinses were used. The plates were exposed to
air no longer than 1-1/2 hours after cleaning. They were then placed in the
chamber and the chamber was evacuated. As many as four identical welds (repli-
cations) were made for each of the 8 combinations of factor levels for the four

different alloys in two base-plate thicknesses.
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TABLE 2,

WELDING PARAMETERS USED

All welding was d-c straight-polarity,
gas tungsten-arc welding with helium
shielding gas,

Base Plate Arc Arc
Thickness, Voltage, Amperage, Work Travel, Wire Speed,
Material inch volts amperes inches/minute inches/minute
Phase I (No Filler Wire Added)
X2219-T87 1/4 13.5 140 11.2 -
X2014-T6 1/4 13.5 145 11,2 --
X2219-T87 3/4 13,5 170 11.2 --
X2014-T6 3/4 14,1 220 11,2 --
Phase II (Filler Wire Added)

2219-T87 1/4 13.5 180 11.2 64
2014-T6 1/4 13.5 180 11.2 64
2219-T87 3/4 13.5 280 11. 2 64
2014-T6 3/4 13.5 280 11.2 64

13



WELD DEFECT ANALYSES

Two methods were used to determine the weld quality. The entire length
of all 200 welds made using experimental-welding materials was radiographed. The
radiographs all showed the 2T hole in the 2 percent thickness penetrameter at the
minimum sensitivity obtained. The radiographic standard used for classifying the
radiographs defined five classes for the fine, scattered porosity observed.
Because the radiographic method of analysis of weld defects was not sensitive to
all of the fine porosity obtained in the program, the results of metallographic

analysis were used more during the analysis of the results.

Metallographic Analysis

Over 500 metallographic sections were chosen at random points in each
of the 200 welds. Transverse sections of the welds were cut, mounted, polished
with a mild oxalic-acid solution in the polishing slurry (etch-polished), and
photographed at 20X. Pores were the only weld defects observed in this program.
When the negatives were printed, a grid was superimposed across the print. This
grid was used for point counting to determine the theoretical volume percent
porosity. This was done simply by counting the number of intersections of the
grid with pores and then determining the total number of intersections in the
weld-fusion zone. The result of dividing the first number by the second and then
multiplying the result by 100 yielded the volume percent porosity. Figure 1

illustrates a typical determination of porosity level.
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Area of a fusion zone (measured by polar

FIGURE 1.

planimeter) = 13, 09 square inches.

Total number of grid intersections in fusion

100 grid intersections
square inch
square inches = 1309,

x 13.09

zone =

Number of grid intersections coincident

with pores in fusion zone (determined by

counting) = 288

coincident intersections

Porosity level =

288
100% = -1—33-‘-,- x 100% = 22. 0%.

total intersections

SAMPLE DETERMINATION OF POROSITY LEVEL
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PROGRAM RESULTS

A number of interesting observations were made during the program which

are summarized here:

(1)

(2)

(3)

(4)

(5)

The dewpoint of the controlled-atmosphere chamber, when backfilled
with uncontaminated helium, was about -60 F. Small, spherical
pores were not observed during welding until the dewpoint was
above -20 F, As the dewpoint increased, the welding arc was less
stable and the weld bead became more rough.

Regardless of the weld-metal composition, the majority of the welds
made in helium with a -60 F dewpoint (low external impurity level)
contained no porosity. The two exceptions were welds in X2014
base plate. The porosity level for these welds was low and the
results were regarded as anomalous.

For both the experimental and commercial base plate, pores were
observed to have formed in the base metal beyond the fusion zone
in some of the welds. Figure 2 illustrates that the pores were
formed far beyond the fusion zone and were of a spherical shape.
No satisfactory explanation has been advanced for this phenomenon.
Welds which were made over plate defects located by ultrasonic
inspection showed no conclusive effect of the defects on the weld
quality or structure.

Transverse and longitudinal weld sections in both base-plate alloys
revealed macrosegregation in bonds roughly parallel to the’ fusion
zone boundary. A-microhardness traverse revealed a 10 percent

difference in the Knoop Hardness Number for the light and the

16




20X Etch Polished RM40687
FIGURE 2. PORES OCCURRING OUTSIDE FUSION ZONE IN X2219

High chemical content, low internal impurities,
0. 1-ppm hydrogen content,
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dark bands. The hardness variation indicated a definite segrega-
tion of solute elements in the weld. Figure 3a illustrates this
banding in a transverse X2219 weld section. Pores were also found
to occur in bands similar to the macrosegregation bands. Figure
3b illustrates pore banding in X2014 ailoy similar to solute
macrosegregation in X2219 alloy. Figure 4 shows a similar
correspondence of pores to the macrosegregation bands found in

the longitudinal weld sections. The appearance of the segregation
bands in the longitudinal sections was changed by variations of
material compositions.

(6) A relationship was observed between the internal hydrogen content
of the fabricated X2219 and X2014 base plate. As the chemical
content and the internal impurity content increased from the low
level to the high level, the internal hydrogen content of the
material increased with no dependence on the hydrogen control
methods used during casting. Figure 5 illustrates this statisti-
cally significant relationship. The single deviation from this
relationship was for a composition of 3/4-inch-thick X2014 base
plate which had been stirred frequently during melting with a
moistened graphite rod to attain a high hydrogen content. Less
severe methods were used to control the hydrogen content of the
remaining materials. Variations in the chlorination times and
the introduction of hydrogen over the surface of the melt were
used to control the hydrogen content of the other compositions
plotted on Figure 5. Thus, the exception to the relationship

observed was an exception to the usual casting technique too.
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20X Etch-Polished RM40635

a. Segregation and Pores in X2219

20X Etch-Polished RM41743

b. Pores in X2014
FIGURE 3. SIMILARITIES BETWEEN SEGREGATION AND PORE OCCURRENCE IN TRANSVERSE-WELD SECTIONS

Low chemical content and Jow intemnal Impurity level.
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20X 5% HF RM41864

a. Segregation Along High-Chemical-Content and Low-Internal-Impurity Weld

20X 5% HF RM41860

b. Ordering of Pores Along Low-Chemical-Content and Low-Internal Impurity Weld

FIGURE 4. SIMILARITIES BETWEEN SEGREGATION AND PORE OCCURRENCE
IN LONGITUDINAL X2014 WELD SECTIONS

20
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(7)

(8)

(9)

As shown in Figure 6, no relationship existed between filler-wire
composition and hydrogen content, such as that observed for the
base material. The hydrogen contents for each composition varied
about the same median value.

For the welds made with moisture in the arc shielding gas, the
porosity level tended to increase as the internal hydrogen content
of the experimental base plate increased. Figure 7 shows a typical
trend for l/4-inch-thick X2014. An increase in the internal
hydrogen content from 0.4 to 0.8 parts per million (ppm) by weight
increased the median porosity level roughly from 5 to 10 percent.
There was no relationship between the weld porosity level and the
internal hydrogen content of the experimental filler material.

The fact that the factors were not independent of one another
(i.e., the relationship of the chemical content and internal
impurity content to internal hydrogen content) made the planned
fractional factorial analysis impossible. In addition, the fact
that almost no defects were observed for low external impurity
levels (low moisture content) left less data than might have been
obtained for analysis. Accordingly, all welds of experimental
filler wire on commercial base plate were made with the external
impurity level fixed high so that a base-line porosity level could
be introduced. The effect of the other three factors could then
be analyzed by the variation of its average porosity level from
the base-line level. This procedure supplied a large amount of

data for the analysis of the effect of the filler-wire materials.
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STATISTICAL ANALYSIS

Because the factors were not independent of one another and the welds
made at low external impurities were essentially defect-free, statistical
analysis by the planned method was not possible. Sufficient data did exist to
permit evaluation of the factors effect on the weld defects (pores). The tests
used for the analysis yielded a measure of the significance of the variation of
the level of each of the four factors. The degree of certainty for paired
comparisons was determined. A degree of certainty under 80 percent is considered
not significant. A degree of certainty from 80 to 90 percent is low but should
be considered. A degree of certainty from 90 to 95 percent is of interest, but
definite conclusions cannot be drawn on the basis of the results. Conclusions
based on relationships with a degree of certainty of 95 percent are believed to
be sound. Table 3 shows the results of these tests. The material being tested
and the thickness of the material or (for experimental filler wire) the base’
plate it was welded on are listed first. The following column shows the factor(s)
for which the significance of a change in level was calculated. The next columms
show the levels of the fixed factors and the hydrogen content. The last column
shows the degree of certainty. The additional comparisons were made for the
filler material when hydrogen content variations of as much as 2.5 ppm, by weight,
were not significant in the comparisons made. The additional comparisons there-
fore assumed that the hydrogen content of two compositions was essentially equal

if they varied no more than 0.4 ppm.
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TABLE 3, RESULTS OF SIGNIFICANCE TESTS COMPARING COMPOSITIONS

Statistical
Base Plate Hydrogen Content(b), Degree of
Thickness, Factor Level of ppm by weight Certainty,
Material inch Tested(2) Fixed Factors Composition A Composition B percent
X2219 1/4 Iand G Cy 0.1 0.7 98,2
X2219 3/4 C Iy, By, G 0.5 0.5 99.8
X2219 3/4 c I;,Eg, G 0.1 0.1 81
X2014 1/4 1 Cy,Ey, G 0.4 0.4 95
X2014 1/4 E Cpp 11, G 0.6 0.5 93
X2014 1/4 E Crp, I, G 0.8 0.9 99.9
X2014 3/4 E Cu, Iy, G 0.7 0.8 >99,9
X2319 1/4 C I1,Ey, G 1.4 1.5 Not significant
X2319 1/4 c Ly, En, G 2.5 2.5 83
X2319 1/4 Candl EH, G 1.5 1.7 93.5
X2319 1/4 G C1,4;,Ey 1.4 3.1 Not significant
X2319 1/4 G cL, 11, Ey 1.7 2.5 84
X2319 1/4 G Cip Ity Bl 3.4 1.5 85
X2319 1/4 G Cr, I, Ex 2.5 2.0 Not significant
X2319 3/4 C 1;,Ey, G 1.4 1.5 Not significant
X2319 3/4 C Iy, Ey, G 2.5 2.5 Not significant
X2319 3/4 Candl Ey G 1.5 1.7 90.5
X2319 3/4 G Cr, 11, Ey 1.4 3.1 Not significant
X2319 3/4 G CL, Iy, Ey 1.7 2.5 81
X2319 3/4 G Cw, 1L, El 3.4 1.5 Not significant
X2319 3/4 G Cyy, Iy, Ey 2,5 2,0 Not significant
X4043 1/4 C I, Ey, G 1.8 1.8 Not significant
X4043 1/4 Candl Ey, G 2.5 2.4 Not significant
X4043 1/4 G CL, 11, Ey 1.5 4.0 Not significant
X4043 1/4 G Cr I Eg 1.8 2.5 89
X4043 1/4 Error Cu, 1y, By, G 2.4 2.2 Not significant
X4043 1/4 G Ch, In, By 1.8 2.9 97.1
X4043 3/4 c Iy, Eq, G 1.8 1.8 91
X4043 3/4 C and I Ey, G 2.5 2.4 Not significant
X4043 3/4 G Ci, 11, Ex 1.5 4.0 Not significant
X4043 3/4 G Cy1,11,Ey 1.8 2.5 Not significant
X4043 3/4 Error Cy, 11, Ey, G 2.4 2.2 Not significant
X4043 3/4 G Cuy Iy Ey 1.8 2.9 Not significant
Additional Comparilons(c)

X2319 1/4 I C1, Ey, G 1.4 1.7 77
X2319 1/4 c Ly, Eg, G 3.1 3.4 97.8
X2319 1/4 C Iy, Ey, G 1.7 2.0 93.5
X2319 3/4 I Cr,Ey, G 1.4 1.7 85
X2319 3/4 c Iy, Eq, G 3.1 3.4 98. 7
X2319 3/4 C I, By, G 1.7 2.0 Not significant
X4043 1/4 1 CL,Ey, G 1.5 1.8 87.5
X4043 1/4- Candl Ey, G 1.5 1.8 91
X4043 1/4 I CH, En, G 1.8 2.2 91
X4043 3/4 1 C1,Ey, G 1.5 1.8 Not significant
X4043 3/4 C and I Ey, G 1.5 1.8 - 93
X4043 3/4 I CH, Ely, G 1.8 2.2 Not significant

(a) C - chemical content, I - internal impurities, G - hydrogen content, E - external impurities, L - low,
H - high, :

(b) G assumed to be constant if the hydrogen content difference was 0. 1 ppm unless noted.

(c) Based on the previous comparisons, G was assumed to be constant for the additional comparisons if
the hydrogen content difference was 0.4 ppm.
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DISCUSSION OF RESULTS

Tables 4 and 5 list the compositions for each alloy and base-plate thick-
ness studied in the program which resulted in the highest or the lowest weld
porosity level for a high level of external impurities (shielding gas dewpoint).
Table 4 shows that all of the experimental base-pla#e and filler-metal compositions
associated with the highest weld porosity level had a high chemical content level
with one exception. The exception was the 3/4-inch-thick X2014 composition which
had been stirred with a moist graphite rod during the melting prior to casting.
This was also the highest hydrogen content X2014 composition welded at a high
level of external impurities. The base plate associated with high porosity levels
also had a high level of internal impurities with an exception again in the case
of 3/4-inch-thick X2014 base plate. The levels of the hydrogen content of the’
base-plate compositions in Table 4 were all high, but this could be expected from
the observed relationship of high chemical content and high internal impurities
to a high hydrogen content. The X2014 and the X2219 could be expected to have
somewhat the same relationship between composition and weld porosity level since
both were essentially copper-aluminum alloys. However, the filler metals were
two different aluminum alloys and would be expected to show dissimilar behavior.
The X4043 filler wire was essentially an aluminum-silicon alloy while X2319 filler
wire was an aluminum-copper alloy. Table 4 also showed that X2319 filler wire
with low internal impurities was associated with the highest weld porosity level.
The X4043 filler wire showed no such definite relationship. Both filler-wire
alloys listed in Table & showed no correlation between their hydrﬁgen content and
the resultant.porosity level.

Table 5 shows the experimental-material composition for each alloy and
base-plate thickness studied that was associated with the .lowest weld porosity

level at a high level of external impurities.
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TABLE 4, COMPOSITIONS WITH HIGHEST CONSISTENT POROSITY LEVELS

Composition

Base Plate ' Hydrogen

Thickness, Chemical Internal Content,
Material inch Content Impurities ppm
X2219 1/4 High High 0.7
X2219 3/4 High High 0.5
X2014 1/4 High High 0.9
X2014 3/4 Low Low 1.8
X2319 1/4 High ‘Low 3.4
X2319 3/4 High Low 1.5
X4043 1/4 High High 1. 8
X4043 3/4 High Low 2.4

TABLE 5. COMPOSITIONS WITH LOWEST CONSISTENT POROSITY LEVELS

Composition

Base Plate Hydrogen

Thickness, Chemical Internal Content,
Material inch Content Impurities ppm
X2219 1/4 High Low 0.1
X2219 3/4 High Low 0.1
X2014 1/4 Low Low 0.4
X2014 3/4 High Low 0.3
X2319 1/4 Low High 1.7
X2319 3/4 Low High 1.7
X4043 1/4 High High 2.9
X4043 3/4 Low Low 1.5
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Of the base-plate materials associated with low porosity levels, the majority

had a high chemical content and all had a low level of internal impurities. The
hydrogen content of these base-metal compositions was low despite the influence
of the composition on hydrogen content. The X2319 filler wire associated with
low porosity levels had a low chemical content and high internal impurity content,
exactly the opposite of the compositions of X2319 wire in Table 4. The hydrogen
content values were not significantly low or high. No general trends could be
determined between the X4043 filler-wire composition and the resultant porosity

level.

External Impurities

As shown in Table 3, the level of the external impurities was more
significantly related to weld porosity than any of the three remaining factors.
When the external impurity level was low, all but a few anomalous welds showed
no porosity at 20X enlargement. Moisture can readily be introduced into the arc
in amounts sufficient to cause porosity either by incomplete shielding, contamin-
ation of the shielding gas flow, or by contamination of the welding materials.
This program has reaffirmed the necessity of preventing moisture in the welding

arc when high-quality welds are desired.

Chemical Content

The level of the chemical content of the experimental materials was,
in general, the second most significant factor related to weld porosity. For
X2319 filler wire, a change from high chemical content to low decreased the weld
porosity level quite demonstrably. For the X2219 and X2014 base plate and the

X2319 filler wire, an interaction appeared to occur between the level of chemical
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content and internal impurities. For the X2219 base plate a change in the
chemical content level was not significant when the internal impurity level was
low and the hydrogen content was 0.1 ppm. When the internal impurity level was
high and the hydrogen content was 0.5 ppm, an increase in the chemical content
level very significantly increased the porosity level of the weld. The effect
of the hydrogen content upon these observations was complicated by the observed

relationship between chemical content, internal impurities, and hydrogen content.

Internal Impurities

In general, a change in the internal impurities from low to high was
associated with increasing porosity levels. However, the significance of the
internal impurity level seemed somewhat less than that of the chemical content
level. The results for X2319 filler metal, however, indicated that a high level
of internal impurities was associated with a low weld porosity level. As noted
above, internal impurities were thought to interact with the chemical content
level. 1In many cases, it was felt that the level of the chemical content

determined the significance of the internal impurity level.

Hydrogen Content

- For the ranges of hydrogen content studied, the level of the hydrogen
content had significance in only one situation. This was the 3/4-inch-thick
X2014 base-plate composition which had been stirred with a moistened graphite
rod during melting prior to casting. The resultant high hydrogen content of
1.9 ppm (more than 2 times the highest hydrogen content found for commercial
2014 used in the program) resulted in a low chemical content, low internal

impurity composition becoming the composition with the highest weld porosity
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level. The other base-plate compositions with the highest porosity all had high
levels of chemical content and internal impurities. However, changes in the
internal hydrogen content of the filler wire of as much as 2.5 ppm had little or
no significant effect on weld porosity. For 1/2 inch X4043, a decrease in hydro-
gen content increased the porosity level with a 97.1 percent degree of certainty
to produce an anomalous result. All other tests of the hydrogen content levels

showed no significance to changes in the levels.

Implications

The results of this program show that, for the experimental materials
studied, the composition can change the severity of weld porosity. However,
factors external to the welding materials such as surface contamination and
éhielding gas contamination are more impértant because they produce porosity
more readily. In general, it would appear that weld quality would be increased
somewhat if welding materials contained low levels of each composition factor.
Welds made with materials with low levels of chemical content, internal impurities,
and internal hydrogen content would be less sensitive to arc and welding-material
composition variations. These less sensitive materials would develop less volume
percent porosity than other welding-material compositions if occasionally exposed

to poor shielding conditions.

Macrosegregation

The macrosegregation observed in these aluminum alloys has been
reported previously by Gurev and Stout(l) and by Makara and Rossoshinskii(z) for
steel. The latter, in reviewing Russian literature regarding this macrosegregation,

related the bands to the ripple marks found on the surface of welds. He suggested
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that these were formed by the periodic growth of solid metal in welding. This

periodicity is thought to be due to the latent heat of fusion of the solidifying

metal building up to a point where growth of the solid actually stops or is

reversed,melting some of the solidified metal. The periodicity presumably

allows diffusion of active elements out of the solid nearest the solid-liquid

interface to the liquid.

CONCLUSTIONS

The following conclusions were drawn from this work:

(1)

Generally, for the four factors studied, changes in the level of
the external impurities (shielding gas dewpoint) were most
significantly related to the resultant weld porosity. The chemical
content level was much less significant than the external impurity
level, but it still was more significant than the remaining two
factors. An interaction between the chemical content and internal
impurity level caused the significance of the relation between the
level of internal impurities and the resultant porosity to be
dependent upon the level of the chemical content. For the ranges
studied, the relation of hydrogen content level of the filler wire
to weld porosity was the least significant relationship. 1In one
case for the experimental base plate, the hydrogen content was a
more significant factor than chemical content or internal impurities.
In general, increasing porosity occurred as each factor level was

changed from low to high.
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(2)

3

(4)

For the experimental base plate, the porosity of the bead-on-

plate welds with no filler wire addition increased as the hydrogen
content of the base plate increased. For the experimental filler
wire, increasing hydrogen content of the filler wire was not related
to increased weld porosity levels,

A relationship was found to exist between the composition of the
fabricated experimental base plate and the internal hydrogen
content. Despite the use of methods during melting and casting

to achieve two levels of hydrogen content for each composition,

the hydrogen content significantly increased as the base-plate
composition was changed from a low level of chemical content and

a low level of internal impurities to a high level of these two
factors.

Macrosegregation bands were observed in aluminum welds which

were created during the weld solidification. Porosity occurrence in
welds was related to the bands of segregation. The shape of the

bands was dependent on the weld-metal composition.
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FUTURE RESEARCH

Additional research is being planned to test the conclusions for the
experimental materials with the results for the welding of commercial materials.
A large number of commercial-material compositions will be located, welded, and
analyzed with the methods reported here. In addition, an evaluation of the use
of a radioactive hydrogen isotope, tritium, will be made. The studies will
attempt to use this tracer to locate preferential occurrence of hydrogen in
welded materials. The results of this additional work will test the applica-
bility of the program conclusions to the welding of commefcial alloys and will
result in a further understanding of the problems encountered in welding of the

alloys studied.

35



1.

REFERENCES

Gurev, H. S., and Stout, R. D., "Solidification Phenomena in Inert Gas Metal-

Arc Welds", Welding Journal Research Supplement, Vol. 42, No. 7, pp 298-s to
310-s (July, 1963).

Makara, A. M. and Rossoshinskii, A. A., "Segregation in Fusion Zone and in
Solidification Layers as Related to the Diffusion Between Solid and Liquid

Phases in the Freezing of Welds", Automatic Welding, Vol. 9, No. 6, pp 65-76
(1956) (Henry Brutcher Translation No. 3991).

36




SECTION II

37



5.
‘ob

P
Ly
N PROGRESS REPORT

4

ON
STUDY OF THE MECHANISM OF POROSITY FORMATION IN WELDS
CONTRACT NAS 8-11332

PRESENTED TO

ALUMINUM WELD DEVELOPMENT COMPLEX CONFERENCE

MARSHALL SPACE FLIGHT CENTER

January 19, 1966

BY
. D. D. POLLOCK

AND
W. V. MIXON

DOUGLAS AIRCRAFT CO., INC.
SANTA MONICA, CALIFORNIA

39 PRECEDING P




INTROOUCTION

This work represents an attempt to explain the mechanisms responsible for
porosity in sluminum welds in terms of metallurgical phenomena os well os
welding porameters. Hydrogen is considered to be lergely responsible for
this problem.(" - The kinetics of this behavior are not well known. Thus,
the major emphasis is being directed. toward en attempt to determine the woy

in which porosity forms and grows.

The program is divided into two phases. The first phose considers
poroélfy etfects in stotic fusion welds; the second phase considers the
come variables in bead-on-plate welds. Both phases employ 2219-T87 and

2014-T6 materials.

THEORETICAL BACKCGROUND

Consider & molten metal, or nlioy, of & given initial composition which
is oxposed to a gos under equilibrium conditions. This assumes that the
temperoture of the liquid-ges system and the composition and pressure of
the gns will remain constant. The composition of the ges is considered
to be constant because the vapor pressure of most liquid metals is smell
near the meiting point. Under these conditions, some of the gos will be
sbsorbed by the liquid metal. The amount of such sbsorption is & function
of the pertial pressure of the gas. Another way of expressing this is:
the smount of gos absorbed by the liquid metal will depend upon the
quantity of that gas in contact with the liquid metal. This will be @

constant for ony given set of "eauilibrium" conditions.

{f the equilibrium conditions change, the amount of gas dissolved by the
liquid will change. If the composition and pressure of the ges are heid

constont and the temperature is increased, the amount of dissolved gos

will usually increase. 1f the temperature is decressed, the quentity of
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dissolved gos will also decrense. Thus, for most liquid metals, as the
temperature of the meit decresses, the amount of gas which the liquid

can contain in solution decreases sharply. That portion of the gas which
the liquid metal cannot retain is rejected from the melt as the familiar

porosity seen in cestings and welds.

The question is how does such rejeéfion of gos from the melt occur? The
most convenient way of understanding this behavior is based upon thermo-
dynamics and provides a probablliity of whether or not the reaction will
occur, The thermodynamic measure of this behavior is called the change

in free energy of the system (AF). |It, however, does not provide informa-

tion as to the rate of the reaction.

Under the equilibrium conditions previously noted, the quantity of gas in
solution in the liquid metal was constant; in this cese AF = O and no
change will occur, When the temperature ot the melt is decreased, AF
will be negative and & decrense In the solubi lity of the gds is expected,

Conversely, when the melt temperature is raised, no gas rejection will

occur; actually, more gas will be dissolved. Under these conditions, AF
will be positive., Thus, the sign of A F indicetes whether & reaction will
or will not occur,

In order to employ this concept for evaluating porosity tormation some-
thing must be known about the behavior of a molten liquid which contains
9as atoms in solution. A convenient picture of this consists of an assemb ly
of meta} atoms and some gas atoms which are in rapid, random motion. in
this state several gas atoms will occasionally encounter each other. They
may remain together, or they moy separate. |f the conditions sre proper,

they remain together and |ittle clusters of gos atoms will persist and
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grow in the melt. These 8re known 8s gas nuclel Bnd are assumed to be
tiny spheres, Changes in the pressure and composition of the gas and

the temperature of the melt cen cause these nuciei to grow or to disperse.

For ® given set of conditions the formation or dissolution of nuclel cen

be predicted by the sign of AF. The temperature, pressure and composition
of the gas over the meit and an approximation of the smailest size of &
stable nucleus must be considered for this prediction. When the other
variables are maintained at & constont level, the size of the smallest

stable nuclei can be used to predict the sign of AF.

This approach readily provides an spproximation forAF; A F is found to
vary inversely as the square of the radius of the nucleus. This informa-
tion permits an approximation of the nucleation rete. This is aiso found
to vary inversely as the square of the radius of the nucleating porticle.
Unfortunately, the radius of the nucleus cannot be medsured directiy

during the welding cycle,

One way of circumventing this problem is to utilize the time-temperature
cycle that the weld undergoes during solidification. This will provide

8 mensure of nucleus size.

Since the aluminum alloys under consideration here are representative of
eutectic systems (which show 8 pronounced therma!l arrest upon solidifice-
tion), their thermal arrests may be used as an "anchor point™ upon which
to base the subsequent calculations. For a given heat input per unit
volume of metal and reiatively constant cooling conditions, the tempera-
ture of this thermal arrest will occur at a nearly constent temperature.

This fact is useful In simpliifying the expressions for spproximating
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the rate at which these nuclei form, [t is also importent to note that
most of the porosity formetion will have been completed by the time thaet
this temperature is reached. Thus, this temperature marks the lower

limit of pore formation,

Since heating and cooling rates are very fast and temperatures sre
difticult to measure, the time to reach the eutectic or "anchor" tempera-
ture is used to measure the.time available for pore formation. This also
gives a readily measurable but indirect spproximation of the temperatures

end cooling rates that are of interest in welding.

Now, knowing the time for & weld to reach the eutectic temperature and

the relationship previously obtained for the nucleation rate, the nucles-
tion rate is found to be approximately inversely proportional to the
square of the time required to cool the weldmetal to the eutectic tempera-
ture - & more readily useable relstionship than one based upon exact

temperatures or nuclel sizes.

In & siml lar way the growth rate of the nuclei can be shown to be approx-
imotely directly proportional to the square of the time required for the

weld to cool to the eutectic temperature. Other quentities such as the area
traction occupied by pores and the average pore size can aiso be approximated
in this way. The derivations of these relationships are given in the

appendix,

In order to meke practical use of these relationships the way in which
they were derived must be kept in mind. The precise mechanism of nuclei
tormetion is not known on an atomic scale and is considered to be based

upon the lews of probability., Further, the theoretical relationships
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used in the present work sre approximations. The experimental methods

used tor pore detection and measurement provide average values of those
pores which are visible; meny pores, particularily those formed just

before solidification is completed, are sub-microscopic in size and

cannot be included in this snalysis because of the practical difficulties
of counting end measuring them. 1In addition, the welds which are being
studied here are not true welds in the sense that two pieces of metal

are being joined, When these factors are considered in the light of
practical applicetions to real welds, where meny additional variesbles

are operative, then it becomes spparent thet it is imperative that the
general understendings of the formation and growth of porosity be obtained.
(The acquisition of extremely detailed relationships would be very difticult
to epply to real situations.) Thus, the primery objective of this work

is to establish broad relationships regarding the factors affecting the
formation of porosity which can be used to understend and minimize this

problem in & practicel wey.

In order to establish these relationships, the variables have been

selected so that they include situations encountered in welding practice.
The variables being investigated are: the contamination level of the
atmosphere, the arc current and voitege, the arc time and the meterlel
thickness. Combinations of these five factors sre belng tested according to
a statistical plen given in Table |. This plan will permit the determina-
tion of the individual effects of the verisbles end will also help to

indicote if any two-way interactions exist between the varisbles.

EXPERIMENTAL TECHNIQUES

A schematic diagram of the test spperatus for the stetic welds |s gi ven
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TABLE |

PHASE | AND 2 BASIC DESIGN
(ALL MATERIAL IS 2219-T87)

Arc
Atmosphere Arc Arc Arc
Experi= Contami - Cur- Volt- Time or Material
‘ment Bleck nent¥ reqt nge Trava| TRiek=

No. No. Level Level Level Speed ness

| | M M M M L Center
2 L L L L L

3 H H H H L

4 2 H H H L H

5 L L L H H

6 H H L H H

7 L L H L H

8 3 L L H H L

9 H H L L L

10 4 M M M M L Center
' H L H H H

12 5 L H L L H

13 L H L H L

14 H L H L L

15 L H H L L

16 6 H L L H L

17 H L L L H

i8 L H H H H

19 7 M M M M L Center
20 H M M M L
21 L M M M L
22 M H M M L
23 8 M L M M L
24 M M H M L
25 M M L M L
26 M M M H L
27 M M M L L

L = Low, M = Medium, H = High
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In Figure I. Two-inch discs are being used for Phase | of the progrom,
The specimens are cleened with & mixture of nitric and hydrofluoric acid,
rinsed in water and dried. They are then cleaned in Freon T-F vapor.

The specimens are then stored in the Eringard welding box, Figure 2, where

they are kept in either an atmosphere of dry helium or in 8 vacuum.

Prior to welding, the specimens are briefly removed from the chamber

end ore drilled to receive the thermocouple wires. They are again
degressed in Freon T-F vapor and returned to the chomber. The specimens
ore kept in the chamber overnight under a vacuum before testing. This
procedure is used to minimize surface conteamination, particuisriy moisture,

which might influence the experimental resuits.

The specimen is placed upon the fixture, Figure 3, and the assembly is
inserted into the test chamber within the Eringard welding box. A shim,
Figure 4, is used to ensure that the desired distance between the top of
the specimen end the electrode will be within 0.005 in. The test chamber
Is sealed and the controlied atmosphere is introduced into it and
monitored, Figure 5, until the outlet sampling indicates that the
desired otmosphere moisture content has been established. The devices
which ore used to measure and record welding variables are shown in
Figure 6. The prescribed welding cycle is then appiied to the specimen,
Upon compietion of this cycle the atmosphere is again anbalyzed. At this
point, pure dry helium is used to purge the test chember. This |s done
to prevent contamination of interior of the Eringard welding box. When
the purge Is completed, the welded semple is removed for exsmination.

Figure 7 shows & radliograph of & typical specimen.

After the radiogreph is mede, » mecrophotograph of the top surface is made.
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FIGURE 2

ERINGARD CHAMBER

/2 IN. DIAMETER X 3/4 IN.SPECIMEN

0.01C IN. ZIRCONIA
THERMAL BARRIER

N
254

LINE TO VOLTAGE RECORDER

FIGURE 3

WELDING FIXTURE WITH SPECIMEN IN PLACE
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s ARC-GAP SHIM (REMOVED PRIOR TO WELDING)

FIGURE 4
FIXTURE IN WELDING CHAMBER WITH SHIM IN PLACE

FIGURE 5

FIXTURE INSIDE CHAMBER PRIOR TO WELDING
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FIGURE 6

DEVICES TO MEASURE AND RECORD WELDING VARIABLES

FIGURE 7
RADIOGRAPH OF TYPICAL |/4-INCH SPECIMEN
SHOWING POROSITY AND LOCATION OF THERMOCOUPLE WIRES
(POSITIVE REPRODUCTION)
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The specimen is then sectioned to provide 2 portion of the weld which
contains the center and is about |/8-in. thick. This specimen is polished
with 600 grit A|203, etched with Flick's reagent and repolished with the
AIZO followed by Mg0. The polished specimens are used to determine the

3
average pore volume fraction and the aversge pore diameter.

Sections of & given weld nugget are examined under 20X magnification
using & grid area which is about 0.04 x 0.04 inches and contains 144
squares. The number of pores in each grid are counted and the total
length of the grid segments which traverse the pores is measured. The
total length of the grid lines in each small grid area is also determined.
This process is continued until the entire section has been explored,
Figure 8. The sums of all the grid segments and grid lines are then
determined. These data permit the calculation of the pore volume

traction and the average pore diameter by the method of Guttmen and Smith

( 2). The equations for these calculations are:
La
Pore Volume Fraction = — (1)
L
Average Pore Diameter= Lad (2)
M

where La is the sum of the grid segments which traverse pores, L is the
total length of all of the grid lines, d is the spacing of the grid lines

and M is the number of pores.

The pore volume fraction determined in this way was compared to percent
porosity as determined by specitic gravity measurements. The porosity
values based upon equation (1) were approximately 30§ higher then those from

the gravimetric measurements.
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The planar technique given sbove is only 8s good as the degree to which
8 random plane is representative of the porosity of the sample. The
gravimetric method provides a reliable measure of the amount of porosity
in the sample but does not give informetion regarding its size and dis-
tribution. A combination of these two methods was used to obtain & more
reliable messure of the average pore size. The gravimetricelly-determined
specific gravity was used in equation (|) to determine the quantity La.
This factor was inserted into equation (2) to calculate the average pore
diameter, The two largest sources of error in the Guttman and Smith
approach ere the factors La and M. The use of the gravimetric specific
gravity in these calculations minimizes the error in La. The error In
the calculations for the average pore dismeter is very small and is
principally due to that in the determinetion of the value of M. The
tactor M is the easiest to determine; its error is smaller than those of

the other tactors but it still is not representative of all of the sample,

A method for the determination of M which is more representative of the
entire sample is now being used. This technique employs the difference
in the density between wrought material and & given weld. This permits
the calculation of the total volume of porosity in 8 volume equivalent ot
one gram of weld metal, The average pore volume, as determined from the
combined planar-gravimetric method, is divided into the total pore volume
and gives the average number of pores in the volume equivalent of one

gram of weldmetal,

The sectioned specimen is radiographed for X-ray density measurements,
Figure 9. Such measurements have not been helpful because of the very
large amount of very fine porosity. These pores are too fine to permit
estimates of pore fraction by X-ray techniques. After this, micrographs

ore made for the determination of dendrite-cell size (Figure 10),
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FIGURE S

I /4=INCH THICK SPECIMEN

TRANSVERSE RADIOGRAPH OF TYPICAL
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F IGURE

MICROGRAPH OF TYPICAL DENDRITE CELL STRUCTURE
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The nugget is then carefully excised with 2 jewellers saw and its
specitic gravity is measured. Following this, the nugget is chemically
analyzed for hydrogen content. Selected nuggets are also given compiete
chemical analyses. Measurements of surface ripples have not been
possible to make because these do not appear on the surface of the

specimens. These will be measured on the bead-on-plate specimens,

The bead-on-plate specimens, Figure il, ere prepared and tested in os
nearly the same way as the static fusion weld specimens as is possible.
These specimens permit the use of two thermocouples instead of one.

They aliso require & larger test chamber, Figure I12. The only other change
is that travel speed is used instead of arc exposure time. The porosity
measurements are made on a |/8-in., section excised one Inch away from the

thermocouple which showed the clesrest thermal errest.

Present Status of Program
Bhase |

The testing conditions and results of the static fusion welds made on
2219-T87 with moisture contamination ere given in Tables 2 and 3, These
data were statistically analyzed by means of a Bi-Med 34 routine on the
Douglas 7094 computer. Response surtfaces were determined for each of the
five dependent veriables with respect to the five independent variables,
The independent verisbles are: X,, water vapor present in the shielding
gos; X,, amperage; X3, voltage as a function of arc-gap; X4, 8rc-exposure
time; and X5, thickness of the material. The dependent voriasbles are:
Y,, percent porosity; Y,, soliditication time; Y3, the hydrogen content
of & weld nugget; Y, dendrite spacings and Yg, the number of pores in a
volume equivalent of one gram cube of weldmetal. The following equations

have been found at the 95% contidence level:
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APPEARANCE OF TYPICAL BEAD-ON-PLATE WELD SPECIMEN. 2219-T87
MATERIAL PHASE Z PART A.
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FIGURE 12

VIEW OF BEAD-ON-PLATE SPECIMEN IN PLACE READY FOR
CLOSURE OF CHAMBER
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TABLE 2

(2219-T87 MATERIAL)

ACTUAL TESTING CONDITIONS FOR PHASE 1, PART A

EXPER IMENT ATMOSPHERE AMPERAGE VOLTAGE ARC
AND (WATER VAPOR EXPOSURE
SPECIMEN CONTENT (AMPS (VoLTS TIME
NUMBER # PPM 4+ 5%) + | AMPS) £ 0.1 VOLTS) | (SEC 4 0.5 SEC.)
i
1951 250 119.0 15.0 60
19103 250 119.5 15.0 60
1912 250 119.5 4.0 60
2
191 <I5 98.0 13.9 40
19125 <is5 88.0 3.8 40
19111 <Is5 89.0 13.8 40
3
1962 500 144.0 14.9 80
193 500 146.0 19.0 80
1924 500 150.0 15.2 80
4
A198 500 154.0 14.5 40
A1926 500 148.0 14.8 40
A1937 500 148.0 12.0 40
5
A1922 <15 9{.0 14.5 80
A193 <i5 90.0 15.5 80
A1925 <|5 90.0 15.5 80
6
A195 500 151.0 13.2 80
Al910 500 150.0 13.7 80
A1923 500 154.0 2.8 80
7
A1935 <IS 89.0 17.6 40
A1932 <I5 9{.0 17.7 40
Al915 <I5 89.0 17.5 40
8
19128 <5 90.0 17.3 80
19102 <15 88.0 19.0 80
1983 <i5 88.0 16.5 80
9
198 500 153.0 14.8 40
1981 500 148.0 15.0 40
19112 500 148.0 15.0 40

®* Prefix "A" indicotes 3/4-in. moterial;
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ACTUAL TESTING CONDITIONS FOR PHASE |, PART A

TABLE 2 (CONT'D)

(2219-T87 MATERIAL)

EXPER IMENT ATMOSPHERE AMPERAGE VOLTAGE ARC
AND (WATER VAPOR EXPOSURE
SPEC IMEN CONTENT (AMPS (VOLTS TIME
NUMBER® PPM 1 5%) + | AMPS) £ 0.1 VOLTS) (SEC £ 0.5 SEC.)
10
19121 250 170 15.0 60
1936 250 124,0 14.3 60
1953 250 116.0 16.0 60
i
Al9i9 500 89.0 15.1 80
A192i 500 91.0 15.9 80
A192 500 91.0 17.0 80
12
Ai1938 <I5 143,0 12,3 40
Ai94| <I5 149.0 13.8 40
Al94 <|I5 147.0 12.8 40
13
19113 <I5 147.0 4.8 80
19119 <i5 148.0 i5.0 80
19127 <i5 148.0 13.4 80
4
1980 500 89.6 17.2 40
1958 500 89.0 16.8 40
19114 500 88.0 16.5 40
15
19107 <I5 154.0 i7.0 40
1994 <i5 149.0 16.2 40
1915 <i5 151.0 16.3 40
16
1973 500 88.0 13.0 80
1954 500 90.0 13.8 80
19176 500 92.0 13.0 80
17
A1936 500 85.0 12.5 40
Ai1933 500 88.0 13.0 40
18
A1927 <I5 144.0 15.0 80
A9l <15 143.6 5.5 80
A197 <i5 148.0 15.0 80

# Profix "A" indicates 3/4-in. material; all others |/4~in.
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TABLE 2 (CONT'D)

ACTUAL TESTING CONDITIONS FOR PHASE 1, PART A

(2219-T87 MATERIAL)

EXPER IMENT ATMOSPHERE AMPERAGE VOLTAGE ARC
AND (WATER VAPOR EXPOSURE

SPEC IMEN CONTENT (AMPS (VOLTS TIME
NUMBER#* PPM 3 5%) % | AMPS) £ 0.1 vOLTS) | (SEC & 0.5 SEC.)
i9 |
1992 250 128.0 15.0 60
1996 250 113.6 14.9 60
1931 250 116.0 14.3 60
20
1969 500 119.4 15.8 60
19104 500 119.0 15.1 60
19123 500 117.0 14.6 60
21
1929 <I5 124.0 16.4 60
1933 <IS 17.4 14, 60
1995 <i5 120.0 15.0 60
22
1934 250 148.0 13.5 60
1916 250 156.0 14.8 60
1971 250 147.5 14.9 60
23
1987 250 91.6 15.5 60
1945 250 89.6- 16.0 60
19179 250 9.0 16.0 60
24
1997 250 117.0 16.3 60
1928 250 17.4 16.5 60
19108 250 119.0 16.5 60

25
19130 250 120.0 12.0 60
19120 250 123.0 12.8 60
19X 250 120.0 14.0 60
26
1985 250 17.0 15.8 80
1957 250 120.0 14.6 80
1925 250 115.0 15.5 80
27
19101 250 120.0 14.7 40
1919 250 120.0 14,7 40
19147 250 118.0 18.4 40

# prefix "A" indicotes 3/4-in. moterial; all others 1/4-in.
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TABLE 3

RESULTS FROM PHASE |, PART A
(2219-T87 MATERIAL)

EXPER IMENT| PERCENT at N AVERAGE G DENDRITE | HYDROGEN
AND POROS ITY AVERAGE PORE AVERAGE | SPACINGS
SPECIMEN | (GRAVI- (PORES/At | RADIUS | (IN°/SEC
NUMBER® | METRIC) | (40.25| ®Y CINcHES | x 1077) ] CincHES | (PPM, 0.0
SEC) | voLuME) X10-4) X1074) £ 0.5%)
|
1951 ND 2.75 NA NA NA 6.67 24,7
19103 7.14 2,75 | 68,024 12.7 3.1 11.20 ND
1912 4,93 2.25 |140,509 9.3 1.49 5.02 ND
2
191 0 NA --- --- --- 6,80 ND
19125 0 NA ——- --- --- 3.36 29.0
19111 0 NA --- --- - 3.97 ND
3
1962 6.70 1.0 3,121 22,1 4,09 11.90 33.6
193 6.99 .5 7,996 15.7 1.29 ND ND
1924 5.40 1.5 9, 68 14,0 1.0l 9.6 27.8
4
A198 4,92 NA -—- - --- 8.20 ND
A1926 ND NA --- —- - 4,27 ND
A1937 ND NA --- - -—- 3,25 45.0
5
A1922 0 NA - -—- --- 2.69 ND
A193 0 NA - - --- ND ND
A1925 0 NA .- - -—- ND ND
6
A195 3.64 5.50 | 14,435 38.8 1.86 7.46 ND
A1910 3.69 9,25 880 28.3 10.20 9,09 5.5
A1923 ND 11.25 NA NA NA 12.50 ND
7
A1935 0 NA - - -—- 2.32 21.5
A1932 0 NA - - --- 3,09 ND
A1915 0 NA -— -—- -—- 2.89 ND
8
19128 0 NA - - -—- 5.8l ND
19102 0 NA --- - - ND ND
1983 0 NA -——- - -—- 5,05 53,0
9
198 7.74 5.0 | 17,169 16.8 3.93 8.62 ND
1981 5.34 NA == ND -—- 11.36 ND
19112 4,72 3.25 | 17,546 16,5 5,76 7.81 44,0

* Pretix "A" indicates 3/4-in, material; all

NO = Not determined; NA = Not available,.
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TABLE 3 (CONT'D)

RESULTS FROM PHASE I, PART A

(2219-T87 MATERIAL)

EXPERIMENT | PERCENT |  at N AVERAGE G DENDRITE | HYDROGEN
AND POROS I TY AVERAGE PORE | AVERAGE | SPACINGS
SPECIMEN | (GRAVI- (PORES/at | RADIUS | (IN3/SEC
NIMBER | METRIC) | (10.25| By (INCHES | X 107) | (INCHES  KPPM, 0.01
SEC) | voLwE) | x107%) Xi0™%) | 20.5%)
10
19121 3.88 | 2,75 | 110,429 8.8 1.04 5.43 57
1936 2.90 | 3.00 | 16,403 | 1a.6 4.34 5.2 ND
1953 300 | 2,75 | 120,433 | 7.9 0.757 5.38 ND
I
AI919 5.72 | 1.75 | 348,915 8.0 1.22 2.99 88
A1921 s 1.50 --- ND -- 5.56 ND
A192 3.5 [ 1.25 | 114,175 | 11.0 4.46 4.17 ND
12
A1938 0 NA -- —-- - 2.98 ND
Ai92] 0 5.25| -- --- -- 311 56
A194 0 5.75| -~ --- -- 3. ND
13
19113 0 10.0 -- --- -- 7.25 ND
19119 0 9.50| -- - -- 8.33 170
19127 0 9.25 - --- -- 7.46 ND
l4
1980 6.75 a.25| 1278 | 40.9 67.3 3.82 18
1958 9.04 5.25 | 240,470 | 7.4 0.32 4.00 ND
19114 7.52 | a50| ela2 | 2.8 4.1 2.84 ND
5
19107 0 9.0 -- --- -- 7.58 ND
1994 0 9.0 -- --- -- 6.76 68
1915 0 3.5 -- --- -- 7.69 NO
16
1973 4.10 | 3.00| 70,259 | 10.2 1.45 3.65 ND
1954 8.26 | 3.75| 20,752 | 8.1 6.64 12|
19176 6.88 NA --- 21.8 -- -- ND
17
A1936 s NA --- --- -- 1.8l ND
A1933 2.0 2.25| 19.203 | 3.5 4.54 2.40 ND
8
A1927 0 NA --- --- -- 10.20 ND
AI9| 0 6.75| --- --- -- 10.00 49
A197 0 7.00 | --- --- -- 7.04 ND

S Indicates specimen too

small for removal,
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TABLE 3 (CONT'D)

RESULTS FROM PHASE |, PART A
(2219-T87 MATERIAL)

EXPERIMENT | PERCENT N AVERAGE G DENDRITE | HYDROGEN
AND POROSITY AVERAGE PORE AVERAGE | SPECIMENS
SPECIMEN | (GRAVI- (PORES/at | RADIUS  [CINP/SEC
NUMBER METRIC) BY ( INCHES X 1079) | (INCHES |(PPM 0,01
VOLUME ) X1074) X10-4) "30.5%)

19

1992 3.50 59,023 10.2 1.47 4,90 43

1996 6.70 93,858 1.3 2.18 6.94 ND

193} 3,56 16,632 16, | 6.32 5.38 ND
20

1969 5.80 13,825 14.8 1.95 6.10 ND

19104 3,71 10,763 2.9 1.06 4.42 ND

19123 5.47 34,380 4.4 4,13 ND 86
21

1929 0 -—- - - .56 ND

1933 0 - -- -- 5.10 ND
22

1934 3.1 33,003 10.5 1.06 6.49 ND

1916 2.58 4775 20.6 11.28 5.26 ND

1971 4,4 44,374 2.6 2.78 6.94 60
23

1987 |.84 68,576 .4 0.494 5.99 36

1945 4.98 63, 650 1.9 2,83 3.97 ND

19179 6.32 13,8
24

1997 5.0l 18,766 7.4 8.00 4,59 ND

1928 5.96 439,375 6.8 0.377 ND 79

19108 4,06 52,473 TN 1.93 4,63 ND
25

19130 |.69 107.920 4,63 0.215 4,63 ND

19120 3,56 -—- 4,06 - 4,06 ND

19-X 3.64 102, 686 5.15 0.645 5.75 118
26

1985 3.78 14, 192 24.2 14.87 5.38 42

1957 3.99 296,258 9.0 0.928 6.49 ND

1925 3.99 7,458 30.6 26.63 7.14 ND
27

19101 2.48 261,799 5.4 0.205 5.38 ND

1919 2.93 76,527 9.7 1.68 4,42 72

19147 9.24 46. | ND
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Y| - 0.4 4+ 0.0124 X. 3)
where

Y| = percent porosity determined gravimetrically

X; = woter vapor present in the shielding gas in PPM

Y, = 6.2 = 0.024 X; + 0.000048 X2 (4)

where

Y2 = Thermal arrest In seconds

X, = Woter. vapor present in the shielding gos in PPM

Y5 = -161.8 + 1.590K, -0.415X; +22.05X3 -0.735X, -355.8X5 -0.00282X Xy
-0.0882X X5 +2.23X X5 +1.47X,Xs5 (5)

where
Y3 = Hydrogen content in PPM

X; = Water vapor present in the shielding gos in PPM

b
N
[

Measured amperage
X3 = Measured voltage
X4 = Arc-exposure time

X5 = Thickness of parent plate

Y4 = Dendrite spacings
Analysis of the date showed that the dendrite spacings were not @

function of any of the independent veriasbles.

Y5 = 64,420 + 120K -2.40x2 (6)
where
Y5 = Number of pores in & volume equivalent of one grom of weldmetal

X| = Water vapor present in the shielding gos in PPM

Equation (3), for the gravimetrically determined percent porosity, is only
a function of the water vepor in the shielding gas. None of the other

independent varisbles influenced this behavior. In other words, within
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the 95% confidence limits, the degree of dryness of the shielding gas

determines the extent to which porosity will occur.

The time for the weld metal to reach the eutectic temperature, equation (4),
is also only affected by the moisture in the arc atmosphere. This,
however, |s & more compiex relationship than that of equation (2). The
time required for the molten metal to reach the eutectic temperature
decreases with increasing water vapor until ® minimum is reached at 250
PPM.  The soliditication time then increases with incressing moisture
content in the arc atmosphereé. This is thought to be a resuit of two
simultaneous, competing processes. One of these is a cooling process;

the other is a heating process. The cooling process probably results from
the removal of heat from the melt by the hydrogen bubbles as they leave
the melt. The heating process is caused by the liberation of the latent
heat of solution by the hydrogen as it precipitates from the meit. Small
quentities of hydrogen, precipitating from the liquid, give up a smajler
eamount of latent heat than they remove by absorption when they pass

through and leave the melt,

Larger quentities of hydrogen probably liberate more heat of solution
than they remove from the meit. In the system under study, the heat
removed and that liberated by the hydrogen are most closely matched when

the atmosphere above the melt contains 250 PPM of water vapor.

Equation (5), for ?hé quantity ot hydrogen in the weld nugget, is the most
complex of all of the equations. 1t Is & function of 2ll of the independent
veriables. Again, water vapor, in the arc atmosphere plays an importent
role even though its coefficient is relatively small, This resuits from

the fact that the water vapor is in hundreds of PPM; this gives a lerge
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contribution to the equation. By the same token the effects of thickness
asre considerably smaller than they appear to be, becsuse i/4 and 3/4-in.
specimens were used, This was the only case where any of the variables,
other than the composition of the arc atmosphere, had significance at

the 95% confidence level. A more complete explianation of this compiex

behavior is beyond the scope of the present investigation.

Repeated analyses of the data for dendrite spacings, Y4, showed that it
was not 8 function of any of the independent variables. Plots of this
quantity versus the other dependent variables provided no significent

relationships.

Equation (6), 8s for equations(3)and{4), is oniy & function of the amount of
water vapor in the arc etmosphere. In 2 manner snalogous to equation(4),
equation ©)shows that a maximum number of pores occurs at 250 PPM of water
vepor in the arc etmosphere. This behavior is in agreement with equation(4).
Where long solidification times are predicted by equation(4), correspondingly
low porosities are given by equation (6); the reverse of this is also true,
This behavior may be explained by the mechanism that long solidification
times permit 8 high degree of escape of the hydrogen from the melt; shorter
solidification times result in 8 greater degree of entrapment of the

hydrogen bubbles.

The volumetric nucleation rate has been defined 8s the number of pores

formed in ® given welding situation divided by the time that the weldment
took to cool to the eutectic tempersture. Equations (4) and (6) were used
to calculote the nucleation rates for the solidification times represents-
tive of the mejority of the data in Table 3. Both of these equations ore

dependent only upon the amount of water vapor in the arc atmosphere.
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Water vapor contents ranging from 250 to 500 ppm were employed for these
calculations. Smaller quantities of moisture were not considered since

the low value used in this work, <15 ppm,is uncertain. The volumetric
nucleation rate as a function of the inverse square of solidification

time is shown in Figure I3. Short solidification times of about three seconds
showed high nucleation rates; long solidification times of sbout six seconds
showed low nucleation rates. This indicates that the weldments whould took
longest to solidify provided the most time for the entrapped gas to
aggliomerate and/or escape; those with the shortest solidification times
entrapped the greatest number of pores. However, as will be shown later,
the growth rate of pores formed during long solidification times was much

greater than that of pores formed during short solidification times.

Equations (3),(8) and(6) along with the known density of the parent plate

were used to calculate the average growth rate of the pores. As in the
previous caiculations, these equations are functions only of the amount of
water vapor in the arc atmosphere. Equation (3) provided the gravimetrically=-
determined porosity for & given level of water contomination. This information
along with the known density of the parent plates permitted the calculation of
the total volume occupied by the pores. These data divided by corresponding
data from equation (6), for the number of pores, provided the average pore
volumes for given contamination levels. The average pore volumes thus
obtained were then